Abstract Sodium arsenite induces apoptosis in PC12 cells by activating the stress-activated p38 MAP kinase and the pro-apoptotic Bcl-2 family protein Bim EL . However, the relationship between p38 and Bim EL in this apoptosis has not been fully defined. Here, we report that sodium arsenite stimulates the protein expression and promoter activity of Bim EL in a p38-dependent manner. Sodium arsenite also caused nuclear translocation of FOXO3a, indicative of FOXO3a activation. Addition of a p38 inhibitor prevented FOXO3a nuclear translocation. RNAi knock down of FOXO3a inhibited Bim promoter activity, Bim EL protein expression, and arsenite-induced apoptosis. Our data identify p38 activation of FOXO3a and subsequent induction of Bim EL expression as a novel apoptotic mechanism. Together with our previous finding that Bim EL is phosphorylated and activated by p38, these results demonstrate that p38 induces apoptosis by regulating Bim EL at both the transcriptional and post-translational levels.
Introduction
Arsenicals are environmental toxicants. They have also been utilized clinically to treat various human diseases including psoriasis, syphilis, and rheumatosis. Recent clinical use of trivalent arsenic as an anticancer drug, especially in the treatment of acute promyelocytic leukemia [1] [2] [3] , has stimulated intense interest in elucidating the underlying mechanisms of arsenic-induced apoptosis.
p38 is a member of the stress-activated MAP kinases and its activation has been implicated in various forms of apoptosis. For example, several chemotherapeutic agents induce apoptosis through p38 [4, 5] , and p38 may be a tumor suppressor [6] . In addition, sodium arsenite-induced apoptosis also requires p38 activation [7] [8] [9] .
Apoptosis induced by cellular stress, including treatment with arsenite, is mediated by the mitochondrial-initiated cell death pathway [7, 8, 10] . The Bcl-2 family proteins regulate this form of cell death by modulating mitochondrial membrane potential [11] . Interestingly, the function of both pro-and anti-apoptotic Bcl-2 family proteins is regulated by MAP kinases including p38 [12] [13] [14] [15] [16] . For example, sodium arsenite induces PC12 cell apoptosis by stimulating p38 which phosphorylates and activates the pro-apoptotic Bim EL [9] . Bim EL is one of the three isoforms generated from the single Bim gene locus through alternative splicing [17, 18] , and is the most abundant Bim isoform in neurons and in PC12 cells [15, 19, 20] .
In addition to regulation by phosphorylation, induction of Bim expression has also been implicated in some forms of apoptosis including that induced by trophic withdrawal [16] . However, relatively less is known regarding mechanisms governing Bim transcriptional regulation during apoptosis. The Bim promoter contains two putative binding sites for FOXO3a, a forkhead family transcription factor. Furthermore, FOXO3a can directly activate the Bim promoter and has been implicated in several forms of apoptosis [21] [22] [23] .
The objective of this study was to determine if arseniteinduced apoptosis depends on induction of Bim EL and to investigate the underlying regulatory mechanisms. Our data implicate p38 and FOXO3a in regulation of Bim EL expression.
Materials and methods

Plasmids
The following plasmids have been described: constitutive active and dominant negative pRC/RSV-Flag MKK3, wildtype p38a [24] ; human U6-RNA pol III promoter driven shRNA constructs of Bim and the empty vector [14] ; shRNA of a scrambled phosphodiesterase 2 (PDE2) [9] ; P3.6 Bim promoter-luciferase [18] ; and HA-FKHRL1 wt (FOXO3a) [25] .
Reagents
Sodium arsenite (Sigma-Aldrich, Inc., Saint Louis, MO) was dissolved in DMEM (Mediatech, Inc., Herndon, WA) as 1000X stock. Z-VAD-FMK (R&D Systems, Inc., Minneapolis, MN), actinomycin D (Sigma), SB 203580 and SB 202190 (Sigma) were dissolved in dimethyl sulfoxide (DMSO) as 1000X stock. Equal volume of DMSO was used as vehicle control, which did not cause any measurable toxicity. The following antibodies were purchased commercially: anti-phospho-p38, anti-p38, anti-FOXO3a (for immunocytochemistry) (Cell Signaling Technology, Beverly, MA); anti-total Bim (Stressgen Biotechnologies, Inc., San Diego, CA); anti-FKHRL1(N-15) (for Western) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA ). siGE-NOME SMART pool interfering RNAs (siRNA) to rat MAPK14 (p38a) (Dharmacon RNA technologies, Chicago, IL), to FOXO3a (also known as FKHRL1; Santa Cruz), a nonspecific double-stranded RNA oligomer (si-NS) and Oligofectamine (Invitrogen Inc., Carlsbad, CA) were also purchased commercially. Lipofectamine2000 reagent was from Invitrogen.
Cell culture and transient transfection
Rat pheochromocytoma (PC) 12 cells were cultured and transfected as described [9] . One day before transient transfection or sodium arsenite treatment, cells were plated onto poly-D-lysine (Sigma)-coated plates. Plasmid transfection was performed using Lipofectamine2000 in regular growth media. eGFP was co-transfected to mark transfected cells. siRNA transfection was performed using the Oligofectamine reagent per manufacturer' protocol. Briefly, cells were seeded a day before transfection at 30-50% confluence and placed into DMEM free of antibiotics, serum, and glutamine. siRNA (100 or 200 pmol per well to make final concentrations of 50 or 100 nM, respectively) was mixed with Oligofectamine and Opti-MEM (Invitrogen). The mixture was then added to cells which were incubated at 37°C, 7.5% CO 2 for 4 h. Equal volumes of DMEM containing 20% horse serum, 10% fetal bovine serum (FBS), and 2% glutamine was added to the plates and cells were harvested 2 days after transfection.
Western analysis
Cell lysates were prepared as described [26] . Thirty or eighty micrograms of protein were used for Western analysis for p38, Bim, or FOXO3a.
Apoptosis assay
Apoptosis was determined by nuclear condensation and/or fragmentation after staining with the DNA dye Hoechst 33258 (bis-benzimide) [27] . To obtain unbiased counting, slides were coded and cells were scored blind without prior knowledge of treatment. At least 2,000 total or 1,000 transfected cells were counted for each data point.
Luciferase assay
The p3.6 Bim promoter-driven luciferase reporter (0.5 lg) and EF-lacZ (0.25 lg) plasmids were transfected into 0.5 9 10 6 cells/well of a 24 well plate. Twenty-four hours later, cells were pre-treated with p38 inhibitors SB 203580, SB 202190, or vehicle control for 60 min, followed by treatment with 15 lM sodium arsenite for 16 h. The Bim promoter-driven luciferase reporter activity was normalized to the co-transfected beta-galactosidase (EF-lacZ) activity (or protein concentration). Each experiment was performed in triplicate.
Immunocytochemistry and microscopy PC12 cells were fixed with 4% paraformaldehyde for 20 min, permeabilized in cold methanol for 15 min at -20°C, and blocked with 10% goat serum in phosphate buffered saline with 0.1% Triton (PBST) for 1 h. Cells were then incubated with anti-FOXO3a (1:200) antibody in PBST followed by incubation with secondary antibody anti-rabbit Alexa Fluor 488 (1:200, Molecular Probes, Eugene, OR). For nuclear staining, cells were incubated in Hoechst 33258 for 15 min. FOXO3a cellular localization was scored using an inverted fluorescence microscope (Leitz DMIRB; Leica, Heidelberg, Germany) with a 1009 objective oil lens. The images of FOXO3a immunostaining were taken under a Zeiss Axiovert 200M deconvolution microscope (63 9 oil lens) incorporated with a Marianas imaging system from Intelligent Imaging Innovations, Inc.
Data analysis
Data were from at least three independent experiments. Statistical analysis of data was performed using one tail Student's t-test. Error bars represent standard error of means (SEM). ***, p \ 0.001.
Results
Sodium arsenite-induced apoptosis in PC12 cells requires p38 and Bim EL Sodium arsenite treatment of PC12 cells induced apoptosis in a dose and time dependent manner (Fig. 1a) . RNAi knock down of p38 (Fig. 1b) or Bim EL (Fig. 1c) both protected PC12 cells from arsenite-induced apoptosis. These data validate our previous finding that both p38 and Bim EL are required for arsenite to induce apoptosis in PC12 cells [9] .
Sodium arsenite treatment stimulates Bim EL expression, a process that requires p38 activity Western analysis was performed to determine if sodium arsenite treatment increases Bim EL protein expression. Indeed, the protein level of Bim EL began to increase at 4 h after arsenite treatment and continued to increase for 24 h (Fig. 2a) . siRNA to p38 (Fig. 2b ) attenuated arsenite induction of Bim EL protein. These data suggest that p38 activity is required for arsenite induction of Bim EL protein.
Next, we investigated if induction of Bim EL protein occurs at the transcriptional level. PC12 cells were treated with a non-toxic low dose of actinomycin D (100 ng/ml), a transcription inhibitor. Actinomycin D significantly inhibited arsenite-induced apoptosis (Fig. 3a) , suggesting that this apoptosis requires de novo gene expression. Interestingly, sodium arsenite treatment also stimulated Bim promoter-driven luciferase activity (Fig. 3b) . Treatment with actinomycin D abolished arsenite induction of Bim promoter activity (Fig. 3c) and Bim EL protein expression (Fig. 3d) . Thus, Bim EL protein induction is mediated through increased transcription.
The effect of p38 inhibition on Bim promoter activity was also investigated. Inhibition of p38 activity was (Fig. 4a) , or transient expression of dominant negative (dn) MKK3 (Fig. 4b) , an upstream activating kinase for p38. Both treatments significantly reduced Bim promoter activity upon arsenite treatment. PC12 cells were also transfected with constitutive active (ca) MKK3 along with wild type p38a to ectopically activate p38 in transfected cells. Co-expression of caM-KK3 and p38 was sufficient to induce Bim promoter activity in a manner that was sensitive to SB203580 (Fig. 5) , indicating that p38 activation is sufficient to stimulate Bim transcription. Data in Figs. 4 and 5 suggest that p38 is both necessary and sufficient to mediate arsenite induction of Bim EL transcription and protein expression.
FOXO3a mediates sodium arsenite-induced Bim expression
The Bim promoter contains two putative FOXO3a binding sites and FOXO3a has been implicated in regulating Bim expression in several other cell types [21] [22] [23] . Furthermore, other members of the MAP kinase family, such as JNK and ERK5, have been reported to directly or indirectly regulate FOXO3a expression [28, 29] . To determine if FOXO3a plays a role in arsenite induction of Bim EL expression, we examined if FOXO3a is activated upon arsenite treatment. FOXO3a is normally cytosolic but translocates to the nucleus upon activation where it can induce target gene expression. Indeed, immunostaining studies showed that nuclei are mostly devoid of FOXO3a in resting PC12 cells (Fig. 6a) . However, FOXO3a translocated to the nucleus upon arsenite treatment. Importantly, treatment with the p38 inhibitor SB 203580 blocked FOXO3a's nuclear translocation (Fig. 6b) . These data suggest that FOXO3a is activated upon arsenite treatment and that this activation is regulated by p38. To determine if FOXO3a regulates Bim EL expression in PC12 cells, we co-transfected cells with a Bim-luciferase reporter and a FOXO3a expression vector. Expression of FOXO3a stimulated Bim-luciferase activity 4-fold on its own; it also synergized with arsenite treatment to further activate the Bim promoter (Fig. 7a) . The synergistic effect suggests that FOXO3a may function in the signaling pathway in which arsenite stimulates Bim EL expression.
To examine the effect of blocking FOXO3a function in Bim EL expression and apoptosis, we utilized RNA interference (RNAi) technology to knock down the expression of endogenous FOXO3a. PC12 cells were transiently transfected with FOXO3a specific siRNAs (si-FOXO3a) or a control non-silencing siRNA (si-NS). Transient expression of the FOXO3a siRNA greatly reduced FOXO3a expression 48 h later (Fig. 7b) . In addition, transfection of FOXO3a siRNA almost completely inhibited arsenite induction of Bim EL protein expression and Bim promoter activity (Fig. 7b, c) . Finally, siRNA knockdown of FOXO3a protected PC12 cells against arsenite-induced apoptosis (Fig. 8) . Together, these data demonstrate a critical role for FOXO3a in arsenite-induced Bim EL expression and apoptosis.
Discussion
The objective of this study was to determine if transcriptional regulation of Bim EL contributes to sodium arseniteinduced apoptosis and to identify key signaling molecules responsible for Bim EL induction. We have published evidence that arsenite-induced apoptosis requires p38 and Bim EL [9] . Here we discovered that Bim EL protein levels and promoter activity are both increased upon arsenite treatment. Furthermore, p38 is both necessary and sufficient to mediate Bim EL induction. The effect of p38 on Bim EL induction is mediated through FOXO3a. Since increases in Bim EL expression are sufficient to induce apoptosis in PC12 cells [9] , we conclude that arseniteinduced apoptosis depends on activation of p38 and FOXO3 which increases Bim EL expression.
Bim has been implicated in many forms of apoptosis and may function as a tumor suppressor [30] . Loss of Bim accelerates tumorigenesis [31] . Thus, it is important to understand mechanisms regulating the activity and expression of Bim under various apoptotic conditions. Bim's pro-apoptotic activity is stimulated by phosphorylation through pro-apoptotic JNK and p38 MAP kinases and inhibited by phosphorylation through pro-survival ERK [9, 16, [32] [33] [34] [35] [36] . Besides phosphorylation, increased Bim protein expression is also associated with some forms of apoptosis [16, 37] . In this study, we discovered that sodium arsenite-induced apoptosis requires induction of Bim EL transcription and protein expression. Our data is the first to demonstrate transcriptional regulation of Bim EL expression by the p38 MAP kinase signaling pathway. FOXO3a is a transcription factor that has been implicated in stimulation of apoptosis. Two of its known targets implicated in apoptosis are Fas ligand [25] and Bim [21] [22] [23] . FOXO3a directly binds to the Bim promoter and activates Bim transcription. Several signaling pathways have been implicated in regulating the activity of FOXO3a including the pro-survival Akt kinase which phosphorylates and inhibits FOXO3a [25] . Activated ERK1/2 also phosphorylates FOXO3a, leading to the degradation and subsequent inhibition of FOXO3a [38] . ERK5, another member of the MAP kinases that is often pro-survival [39, 40] , is also a negative regulator of FOXO3a and fibroblasts from ERK5 and MEK5 null mice display increased FOXO3a activity [28] . JNK regulates FOXO3a nuclear translocation in breast cancer cells after paclitaxel treatment [29] . We discovered that arsenite-induced FOXO3a nuclear translocation is blocked by p38 inhibition, identifying p38 as a novel upstream regulator for FOXO3a. It is interesting that although both ERK1/2 and p38 are proline-directed MAP kinases and share the same consensus phosphorylation site (PX 1-2 SP/T), they exert opposite effects on FOXO3a. ERK1/2 directly phosphorylates FOXO3a at Ser 294, Ser 344 and Ser 425, targeting it for degradation via an MDM2-mediated ubiquitin-proteasome pathway, and promoting cell survival [38] . However, we report here that p38 activation of FOXO3a induces cell death. Treatment of PC12 cells with a p38 inhibitor caused a reduced electrophoretic mobility of FOXO3a after sodium arsenite treatment (supplemental Fig. 1 ), indicative of FOXO3a phosphorylation. Indeed, inhibition of p38 increases FOXO3a phosphorylation at T32; an inhibitory phosphorylation site that is phosphorylated by the prosurvival kinase Akt [25] . Thus p38 and ERK1/2 activate or inhibit the pro-apoptotic activity of FOXO3a, respectively, most likely through different mechanisms. While the inhibitory effect of ERK1/2 is mediated through direct phosphorylation, p38 most likely activates FOXO3a indirectly, perhaps by inducing the expression of a phosphatase which dephosphorylates the inhibitory phosphorylation site of FOXO3a.
In summary, our data demonstrate that sodium arseniteinduced apoptosis requires FOXO3a induction of Bim EL transcription and that this process is regulated by p38. Together with our previous report that arsenite-induced apoptosis requires p38 phosphorylation and activation of Bim EL [9] , we hypothesize that p38 induces apoptosis by regulating Bim EL both transcriptionally and posttranslationally (Fig. 9 ). This mechanism may also apply to other forms of p38-induced apoptosis, including those triggered by anti-cancer drugs. Hypothesis model. Based on data reported here and published earlier [9] , we propose that p38 mediates arsenite-induced apoptosis by both transcriptional and post-translational mechanisms. p38 induces nuclear translocation of FOXO3a and de novo transcription and expression of Bim EL . It also phosphorylates Bim EL on S65, activating Bim EL 's pro-apoptotic activity
